A point source of DDT pollution of industrial origin, discovered in 1996 
INTRODUCTION
A factory producing technical DDT discharged liquid wastes from 1948 to 1996 into the Toce River, a major inlet of Lago Maggiore, the second largest of the Italian subalpine lakes. In spite of the large lake volume (37.5 km 3 ), the whole ecosystem was adversely affected by DDT homologue contamination. Benthic fauna, pelagic fish and top predators were the main targets of this pollution (Bettinetti et al. 2005) .
Moreover, in order to prevent risk to human health from fish consumption, professional fishing of common commercial species was forbidden because the maximum admissible concentrations were exceeded (0.05 mg kg -1 of b.w., O.M. 18/07/1990). Although some remediation measures have been applied to the industrial area of Pieve Vergonte (VB) (Fig. 1) , where DDT production was located, ten years after the cessation of DDT manufacturing some fish species still show contamination levels that are generally regarded as dangerous for top predators and human consumption. There is therefore an urgent need to know if natural restoration processes will lead to acceptable ecosystem conditions in the near future, or if a new restoration program must be implemented in the industrial area to speed up the recovery of the environment.
Unfortunately, the lake is particularly conservative with respect to DDT pollution: its theoretical residence time is 4 years but the real water renewal rate is longer in some parts of the lake. Pollutant removal by algal adsorption and sedimentation is not favoured because of the low production rate of lake and the consequent low concentration of particulate matter (Dachs et al. 2000) . Finally, pollutant dilution in the atmospheric compartment is prevented on the Northern side by the Alps which represent a barrier to the exchange of air masses: high mountains trap POPs in winter snow and release them in the summer thaw (Villa et al. 2003) .
Although many studies have been carried out to monitor organochlorine compound pollution in industrially contaminated water basins (EPA 1999) , and predictive models calculating DDT distribution on a local scale (MacLeod & Mackay 2004) are available, a lot of analytical and hydrological data are needed to feed these models, which are not available in the case of Lago Maggiore. Furthermore, uncertainty still exists as to the pp'DDT transformation rates in soil and water, which could be strongly influenced by local climatic and environmental conditions. Therefore, a sampling campaign was carried out from May 2001 to May 2002 on the main Lago Maggiore tributaries to compare the total pp'DDT and pp'DDE loads to that calculated in 1998 (Calderoni & de Bernardi 1999) , two years after the closure of the DDT plant. In this way, very useful information could be collected to evaluate both the residence time of these two pollutants at a watershed scale and the role of the local cycling in pollutant redistribution.
METHODS

Sampling area
Lago Maggiore has the largest watershed of the Italian lakes (6599 km 2 ) and a lake surface of 212 km 2 (Carollo et al. 1985) . The northern part is defined by the Alps, with the highest peak (Monte Rosa, 4633 m a.s.l.). The main tributaries are Ticino River, Toce River, Tresa River and Maggia River (Fig. 1) . These four rivers receive 77% of the basin drainage. The maximum discharge is from May to November, mainly due to snow melting and rainfall. The biggest flood event in the last hundred years occurred in October 2000: Toce River and Ticino River discharges were five fold higher and three fold higher respectively than the mean of the same period in the previous 20 years. The highest discharge for Toce River was 4200 m 3 s -1 , five fold bigger than in Ticino Inlet.
Sampling and analytical determination of DDT homologues in lake water
The Toce, Maggia, Verzasca, Ticino, Tresa (after its confluence with the Margorabbia) and Bardello rivers were sampled monthly from May 2001 to May 2002 at their outlets. The River Ticino (outlet) was also sampled at the outlet of the lake (Fig. 1) . Some rivers (Ticino, Verzasca, Maggia) could not be sampled in May 2002 because of a flood event.
The samples were transported to the lab at 4 °C in dark glass bottles and filtered within 24 hours. After filtration on 0.45 µm cellulose acetate filters, 2 litres of water sample were added with 100 ml of n-hexane (Merck, pesticide analysis grade) and stored at 4 °C until extraction, carried out by magnetic stirring for one hour directly in the bottle used to store the sample, to minimize the loss of DDT homologues due to volatilization or adsorption onto the glass walls. Extraction was repeated with 75 and 25 ml of n-hexane, stirring the two phases for 15 min.
Filters were covered by n-hexane, extracted by sonication and washed with small amounts of solvents.
Hexane extracts were combined, reduced to a small volume under vacuum and cleaned up on a Florisil® column (40 mm × 0.7 mm I.D.) eluting with 25 ml of n-hexane.
Purified water extracts were concentrated to exactly 0.5 ml and analysed by gas-chromatography (Fison Top 8000) coupled to electron capture detection under the following conditions:
Injection system: on-column (volume injected: 1 µl). Column: CP-Sil-8 CB, 50 m × 0.25 mm I.D., film thickness 1.2-2 µm.
Temperature program: from 60 to 180 °C at 20 °C min -1 , followed by a run from 180 to 250 at 3 °C min -1
and a further run from 250 to 270 at 2 °C min -1 . Carrier gas: helium at 0.7 ml min -1 . Auxiliary gas: nitrogen at 30 ml min -1 . Quantitative DDT homologue analyses were performed with the external standard method using as reference standard a solution containing pp'DDT, pp'DDE, pp'DDD, op'DDT, op'DDE, op'DDD, prepared from single pure compounds (Alltech) in n-hexane.
The detection limit was 0.05 ng l -1 for each DDT homologue.
Load calculations
River loads (kg y -1 ) were calculated according to Sonzogni (Sonzogni et al. 1978 ) using the following equation:
where Cm i and Q i are the pollutant concentrations and the river discharges, respectively. For the latter, the value of the sampling day was used. Q a is the average annual discharge of each river.
The model accounts for the asymmetrical distribution of the concentration and discharge values with m L , m Q , S QL , S Q 2 calculated according to the following equations:
where n is the number of samples collected during one year.
RESULTS AND DISCUSSION
A drastic change in DDT homologues composition was observed between the two sampling campaigns: op' isomers were always below the detection threshold during [2001] [2002] DDT homologues concentrations were one or two orders of magnitude lower than those reported in the literature for freshwater in developing countries where DDT is still in use (i.e. Lalah et al. 2003; Zhou et al. 2006) and only sometimes higher than those measured in the freshwater of European countries (i.e. Golfinopoulos et al. 2003; Salvado et al. 2006) where DDT has been banned since the end of sixties.
Pesticide contamination increases in late spring in Northern Italian rivers (Galassi & Provini 1981; Galassi et al. 1992) , even in non-agricultural areas, as a consequence of snow melt at high altitudes (Villa et al. 2006) and rain events favouring polluted soil erosion at lower heights. However, no seasonal trend was clearly recognizable in this study, probably because many of the tributaries of Lago Maggiore (Verzasca, Maggia, Tresa, Bardello) flow from natural or artificial lakes which act as sedimentation traps for hydrophobic pollutants bonded to particulate matter. Lakes in the Lago Maggiore watershed can therefore act either as sinks, in the case of eutrophic environments, or as secondary pollution sources, in the case of artificial reservoirs during maintenance operations involving sediment removal.
The Tresa River, for instance, is the outlet of the eutrophic Lake Lugano: it showed concentration peaks of suspended matter for pp'DDT and pp'DDE in May and for pp'DDE in August, which was very likely associated with the high productivity of phyto and zooplankton in the lake at these times of year.
The Verzasca River, on the other hand, showed maximum pp'DDT and pp'DDE concentrations in December in the dissolved fraction. As this river flows from a reservoir built for hydroelectric power production, the release of pollutants accumulated in the sediment may occur when sediments are removed to prevent infilling.
The annual pesticide loads were calculated for Lago Maggiore tributaries and also for the outflowing Ticino River for the period May 2001-April 2002 (Tab. 2) by the method proposed by Sonzogni (1978) , using the discharge values reported in table 3. This series of data was compared with that of the 1998 study, carried out in similar hydrological conditions (Figs 2 and 3) . While pp'DDT loads were shown in the more recent campaign to have greatly decreased (Fig. 2) in comparison to the earlier one in almost all the rivers (Fig. 2) , annual loads of pp'DDE were comparable in the two sampling periods (Fig. 3) , except for the rivers Maggia and Tresa, which showed a decrease and increase, respectively. The pp'DDT pollution measured in 1998 was probably the result of its release from contaminated soil and sediments in the vicinity of the DDT producing plant. However, it would be reasonable to think that, after four years, most of the parent compound has been metabolized or strongly bound to particles, given that environmental half-life times ranging from 2 to15 years are reported in the literature for this compound, and solar radiation modifies active soil sites, increasing the strength of DDT binding (Nair et al. 1992) .
Moreover, the remediation measures adopted to restore the aquifer under the DDT plant and to contain sediment and soil release in the industrial area should also have contributed to limiting the spread of the pollution from the industrial area.
The situation is different for pp'DDE: in this case the downward trend is less marked, probably because this compound has higher persistence and mobility (Boul 1995) than pp'DDT. On the other hand, little is known about the biodegradation of pp'DDE (Aislabie et al. 1997) , which can presumably vary greatly in different environmental conditions. One way in which pp'DDE can disappear is through photolysis of the particulate fraction (White 1976 ) in running waters. The half-life of pp'DDE adsorbed to suspended sediments is between 0.9 and 6 days (Zeep et al. 1977) . However, sunilight only reaches a very small fraction of the suspended solids in the Toce River, which is muddy in its final reach.
The Ticino and the Toce, the largest rivers in the Lago Maggiore watershed, made the greatest contribution to both DDT and DDE loads in the first campaign. However, the contribution of the River Toce was not much greater than that of the Ticino Inlet, in spite of the fact that the DDT plant site was located within the Toce basin.
It is probable that air transport and cold condensation, which are responsible for trapping DDT and DDE in high mountain glaciers, have a greater influence on the recharge of the Ticino Inlet, which rises in the St. Gotthard Massif in Switzerland at 2480 m a.s.l., than the Toce, which rises at 1720 m a.s.l. and forms a 147 metre waterfall at the beginning of its course. The situation was similar in the second campaign (2001) (2002) , though in this case the load of the parent compound from the Toce was much smaller, with the distribution of pp'DDE at the basin scale apparently even more controlled by climatic conditions.
The pollutant loads of the lake outflow were only slightly lower than the sum of the tributary loads in both sampling campaigns, indicating that only a small portion of the pesticides entering the lake was removed by sedimentation. This is probably caused by the mesooligotrophic condition of the lake (Marchetto et al. 2004 ) and the consequent low capacity for sequestration of hydrophobic chemicals by phytoplankton (Dachs et al. 2000) .
Using the DDT homologue concentrations and loads from the bulk deposition collected monthly at four sampling stations (Pallanza, Locarno, Alpe Robiei and Alpe Devero) in the Lago Maggiore watershed (Guzzella 2002 ) According to this calculation, the tributary load is equal to 63% of the atmospheric load for pp'DDE but only 7.5% for pp'DDT. It must be stressed, however, that the rain load includes both dissolved and particulate pollutants, and that particulate pp'DDT is probably the prevailing form in which the compound is transported, both in air and in water.
Although we cannot distinguish the contributions of dry and wet deposition in bulk rain analyses, it can be assumed that most of the pp'DDT was adsorbed on atmospheric particles which were retained by soils and was able to reach running water only through solid transport.
The different behaviour of the two compounds can be explained on the basis of their physico-chemical properties (Tab. 4). The octanol-air partition coefficient (K oa ) is usually considered when evaluating the affinity of organochlorine compounds for the atmosphere (Finizio et al. 1997) . Recently, MacLeod & Mackay (2004) identified a threshold of 9 of log K oa above which chemicals are primarily distributed in the gas phase and below which they are primarily bound to atmospheric particles. Interestingly, pp'DDT and pp'DDE are, respectively, just above and below this threshold.
CONCLUSIONS
The pollution from the land-based sources of pp'DDT, which was responsible for the contamination of Lago Maggiore up to 1998, was much lower during [2001] [2002] . On the other hand, the metabolite pp'DDE is decreasing slowly, probably because it is being cycled within the watershed.
Elimination of the pollutant through transport outside the Lago Maggiore basin via the outlet river is limited, and degradation processes will take decades. The decline of this stable metabolite was probably also less recognizable because it was produced by the breakdown of the remaining parent pp'DDT.
Furthermore, the recovery of Lago Maggiore from DDT homologue contamination might be delayed by river floods and by the re-suspension of river and coastal sediments. However, these events are unlikely to greatly influence pollutant cycling at the basin scale, since this study has shown a pronounced reduction in pollution in spite of the exceptional floods which occurred in autumn 2000.
These occasional events should not stop the natural decline of pollution through degradation processes, storage in the deepest lake sediments, and transportation outside the Lago Maggiore basin.
The restoration measures proposed for the industrial site should therefore be carefully re-considered in light of the results of the present investigation and of those emerging from the surveys which are still in progress, which will provide more evidence about the health of the whole ecosystem.
